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Abstract 
Mg-Al based alloys have been widely used for structural alloy and components especially in 
automotive industry because of its low density, great castability and their high corrosion resistance. 
However, Mg-Al based alloy are prone to creep deformation thus their application is limited at 
low temperature environment. Recent studies shows that the creep resistance could be enhanced 
by the addition of rare earth element (La and Ce) into the Mg-Al based alloy. The addition of rare 
earth element cause the formation of preferential intermetallic phase Al11RE3 and Al2RE phase in 
the microstructure which are believed have higher thermal stability at elevated temperature. The 
addition of RE also cause suppression of typical Mg17Al11 phase in Mg-Al-type alloy which are 
known for its low thermal stability. This project would be interested to investigate the formation 
of these phases and their effect to the microstructure with various different composition of La and 
Ce to be added into Mg-Al alloy. The as cast microstructure are then analyzed with Scanning 
Electron Microscope (SEM) and their chemical composition were determined by EDS Mapping. 
From the result obtained through SEM micrograph and EDS, the effect of modifying the RE 
content into the Mg-Al based alloy shows significant changes to the microstructures and 
morphologies of the intermetallic phases. The increase of Ce concentration resulted in the 
intermetallic eutectic phase, Al11RE3 to become much finer. Besides that, a small increase of Ce 
addition leads to a large changes in intermetallic Al2RE phase. From the result, the particulate 
phase increase in particle size and volume fraction throughout the microstructure. However, this 
phenomenon does not prove that a larger size and volume fraction leads to a better creep resistance 
because further research need to be done to investigate their performance at elevated temperature.  
The addition of RE however cause suppression of Mg17Al12 phase. The result obtained shows no 
trace of these phases for all the samples. Because of no presence of Mg17Al12, it is believed that the 
formation of intermetallic Al11RE3 phase and Al2RE phase could possibly improve the creep 
resistance for Mg-Al based alloy.   
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1. Introduction 
1.1. Project Background 
 
The automotive industries made a voluntary commitment to reduce fuel consumption in transport 
system by means installing lightweight components and structures in vehicles. The use of Mg-Al 
based alloys are of great interest because of its characteristics being the lowest density structural 
alloy, great mechanical properties at room temperature, excellent castability and adequate 
corrosion resistance [ [1, 2, 3]. However, this Mg-Al based alloy application are limited to 
moderate level of load at temperature above 398K (1250C) due to its poor creep resistance [2, 4, 
5]. Previous studies shows that the excessive creep deformation of the alloy is mainly related to 
the formation of Mg17Al12 phase that has poor thermal stability at elevated temperature. [2, 6, 7] 
There have been consistent effort in improving the creep resistance of Mg-Al alloy by further 
alloying it with rare earth(RE) element or alkali earth metal to suppress the formation of Mg17Al12 
as done in previous research [2, 7, 8]. Possible candidates for rare earth element include La and Ce 
which are well known to be an elemental factor in the reduction of creep deformation at elevated 
temperature. The addition of RE element promotes the preferential formation of Al-RE 
intermetallic phase, including Al11RE3 and Al2RE over Mg17Al12 [2, 3, 7, 9].  
A lot research has been done regarding the addition of RE elements to Mg-Al based alloy including 
their effect on the mechanical properties of the alloy and their microstructures. However, this 
project will concentrate on the effect of varying the composition of Ce and La on the Mg-Al alloy. 
Several different sets of Ce and La composition has been determined and they will be added to 
Mg-Al alloys through permanent mould casting technique to investigate their microstructure and 
the eutectic phases exist. 
 
1.2. Goals and Objectives 
In this project, Rare Earth element would be alloyed together with the Mg-Al based alloy to 
investigate their effect on the microstructure of the alloy. The main focus of this project is on the 
addition of La and Ce which are believed to have great potential to enhance the properties of Mg-
Al based alloy. Their composition will be varied as to observe any comparable and visible changes 
between all the samples. The goals and objectives of this project are summarized as follow:  
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i. Identifying the solidification pathways and fundamental mechanism of eutectic 
solidification in Mg-Al-RE alloys containing Ce and La  
ii. Identifying the effect of adding Ce and La element to the morphology of eutectic phases 
iii. Investigating the effect of varying the different composition of La and Ce to the 
microstructure of the alloy 
iv. To provide recommendation for future research on improving the mechanical properties of 
Mg-Al-RE alloy 
 
1.3. Scope of Project 
This project is experimentally conducted in The University of Queensland (UQ) under the 
supervision of Dr. Kazuhiro Nogita and Dr. Stuart Mc Donald. This project is currently focusing 
on the development of the microstructure of Mg-Al-RE alloys based on the currently determined 
composition of Ce and La. Eutectic modification and morphology of the alloy will be analyzed 
and investigated through Scanning Electron Microscope (SEM).  
Currently, the composition of Al-RE element has been pre-determined based on the previous 
research conducted. Three different composition of Al and Rare Earth element that will be used in 
this project are listed as follow: 
i. 2.5% Al and 7.4% RE 
ii. 4.1% Al and 6.3% RE 
iii. 5.8% Al and 4.75% RE 
For every sets of composition above, the composition Ce and La was varied into another four 
different composition as shown below: 
i. 90% La and 10%Ce  
ii. 50% La and 50% Ce  
iii. 10%La and 90% Ce 
iv. 100% Ce      
The casting method for this project will be primarily be using the permanent mould casting 
technique. The microstructure and chemical composition the alloys will be of interest in this 
project.  
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However, a few notable aspects beyond the scope of the project are also mentioned. In this project, 
thermal analysis and creep deformation analysis will be out of scope due to the complexity of 
experimental procedure and limited access to equipment and facilities. Also, other mechanical 
testing such as tensile strength, creep deformation test and hardness test is also considered beyond 
the scope of the project even though the improvement in mechanical properties of the alloy may 
be of interest due to limitation in resources.  
 
1.4. Report Summary 
This report consist of four main sections: Background and Literature Review, Methodology of the 
experiment, Results obtained and finally Analysis of the result. 
The background and literature review would touch upon the summary of previous research 
conducted through reading journal articles and other sources to enhance knowledges and 
understanding of what this project is all about. It would starts on the general knowledge of Mg-Al 
based alloy and their potential application in daily life. Besides that, it would be crucial to 
understand the theory of creep deformation on Mg-Al based alloy, the morphology of the phases 
present on the alloy and the effect of addition of RE element to the microstructure.  
The methodology section would present the experimental methodology that has been conducted 
in this project to meet the goals and objectives stated previously. This section would present in 
details the alloying element composition used in this project and casting procedure. The samples 
that are obtained by casting will then be hot mounted, grinded and polished before taking them for 
microstructural analysis. Scanning Electron Microscope (SEM) is used to analyze the 
microstructure and the chemical composition present.  
The result section would highlight the results obtained from the SEM. The morphology of the 
samples, chemical composition and EDS data would be displayed in this section. A detailed 
discussion will be presented based on the data obtained inside the analysis section.   
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2. Background 
2.1. General Theory and Concepts 
2.1.1. Solidification 
Solidification is termed as a phase transition in which a liquid turns into a solid when its 
temperature reached below its freezing temperature.  
2.1.2. Phases and microstructure 
Phases is defined as a homogeneous portion of a system that has uniform physical and chemical 
characteristics [9]. In this project, we are aimed to investigate and observe all the phases that are 
formed during solidification of Mg-Al based alloy with the addition of RE element (La and Ce) 
by permanent casting method. Each phases that are present in the microstructure of the samples 
will have its own distinct properties, and a boundary layer that separating the phases will exist. It 
will be an interest to investigate the properties of each phases as the combination of these phases 
would lead to a formation of new physical and chemical properties of an alloy.  
Microstructure of metal alloys is characterized by the number of phases present, their proportions, 
and the morphology of the phases. The microstructure are dependent on the alloying element 
present, their concentration or composition, and the heat treatment process of the alloy [9]. In this 
project, Mg, Al, La and Ce are the main alloying element with their respective composition for 
each samples. Heat treatment however are not the main concern in this project.  
2.1.3. Binary phase diagram 
Phase diagram of a particular metal alloy is a diagram that was constructed when various 
combination of parameter such as temperature, pressure and composition are plotted against one 
another. All these parameter will affect the phase structure of certain alloy. In a binary phase 
diagram, pressure is held constant while temperature and composition becomes the variable 
parameters [9]. Figure 1 shows a binary phase diagram for a magnesium- aluminum binary system, 
in which we are interested in. 
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Figure 1: Binary Phase Diagram for Mg-Al Alloy (Adapted from [10]) 
It must be noted that the eutectic reaction are formed through the transformation of a liquid phase 
to two different solid phase upon cooling. Mg-Al based alloy have poor mechanical properties at 
elevated temperature due to the formation of 𝛾-phase during non-equilibrium solidification. These 
𝛾-phase is an intermetallic phase with a stoichiometric composition of Mg17Al12 [10]. 
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2.2. Literature Review 
2.2.1. Properties of Mg-Al-type Alloy, Application and its Potential 
 
Magnesium has been used for many 
applications especially in automobile 
industry as the basis for constructional alloys. 
Example of component in vehicles include 
steering wheels, instrument panels, seats, 
gear boxes, air intake systems, stretcher, and 
gearbox housing [1]. Magnesium has been 
the replacement for a much denser materials, 
including steels, cast iron and copper base 
[1].Basically, the development of magnesium 
alloy is mainly dependent on the main 
requirement as shown in Figure 2 [1].  
Alloys from the Mg-Al system are the most widely used in automotive industries because of cheap 
price, superior corrosion resistance and strength properties. On the other hand, Mg-Al alloy have 
poor mechanical properties at elevated temperature which are the major requirement in the 
automotive area [2, 3, 11] .This thermal instability is caused by the formation of intermetallic 
compound of Mg17Al12 during non-uniform solidification of Mg-Al type alloy [2, 11] 
Numerous studies have been done to improve its properties at high temperature application such 
as alloying Mg-Al alloy with third alloying element (like Sb, Bi, Si, Ca, Sr, Y, Nd and La) [11]. 
In this case, we are focusing on Rare Earth element (Ce and La). The main concept of those study 
was to suppress the formation of Mg17Al12 through the formation of intermetallic phase that are 
thermally stable to resist distortion by grain boundary sliding [4, 6, 11]. Two main commercial 
Mg-Al-RE alloy i.e. AE42 and AE44 are readily available nowadays with their great castability, 
mechanical properties and adequate corrosion resistance [2, 3, 12]. The addition of RE element 
cause suppression of the Mg17Al12 phase through the formation of preferential Al-RE intermetallic 
phase, mainly Al11RE3 and Al2RE that are thermally stable at temperature up to 423K [ [2, 11] 
Figure 2: Direction of Alloy Development (Adapted in [1]) 
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However, thermal stability of intermetallic phase Al11RE3 are still discussed up until today. In 
some previous articles [4, 9, 10], they cited the work by Powell et al. that suggest the 
decomposition mechanism of the Al11RE3 when loaded at high temperature. Regarding this 
mechanism, the Al11RE3 phase decomposed to Al2RE at elevated temperature (above 423K) in 
which releasing some Al atom that subsequently react with Mg atom to form the Mg17Al11 phase 
which has poor creep properties. 
Different result by Petterson et al. as stated in [11], where the Al11RE3 phase shows great thermal 
stability during the ageing of AE41 alloy at 473K. There are no significance changes in size and 
shape for the AE41 alloy.   
S.M Zhu et al. [2] shows that the addition of Ce-based misch metal greatly improves the 
mechanical properties of Mg-Al alloy at elevated temperature because of the formation of 
preferential intermetallic phases Al11RE3 and Al2RE over Mg17Al12 which shows good thermal 
stability. Addition of more RE leads to subsequent improvement in creep resistance. [2] 
Besides that, Zhang et al. [13] state in his paper research that, the selection of RE element (Ce, La 
and Nd) has great influence on the thermal stability of Al11RE3. His finding shows that Al11La3 
phase is the most stable at elevated temperature followed by AL11Ce3 and Al11Nd3.  
This study shows that La and Ce do have effect on the properties of Mg-Al based alloy and this 
project would be interested to observe and analyses the microstructures of the alloy when they are 
mixed together at different composition. 
 
2.2.2. Typical Microstructures of Mg-Al type Alloy 
Cast magnesium alloy microstructure has typical dendritic structures, which are characterized by 
strong segregation of the alloying element [3, 10] .The microstructure consist of a 𝛼-Mg solid 
solution dendrites and 𝛼 + 𝛾 eutectic composition [11]. In Mg-Al type alloy, 𝛾-phase is an 
intermetallic compound that has stoichiometric of Mg17Al11 and a 𝛼-Mn-type cubic unit cell. For 
all cast Mg-Al alloy, the non-equilibrium solidification condition occur which caused non-uniform 
distribution of aluminium in the alloy microstructure [11].  
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Malik et al. [11] in his studies showed the microstructure of the gravity cast AM50 with nominal 
composition of 5wt% Al and 0.4wt% Mn that was used in his experiment. He also made two more 
alloys with addition of 3 and 5% wt. Rare Earth element and named it as AME503 and AME505 
respectively.   
Figure 3(a), (b) and (c) shows the microstructure images of AM50, AM503 and AM504 as adapted 
from the articles [11].  In Figure 2(a), it is clearly visible the presence of 𝛼-Mg solid solution phase 
which are formed during solidification. At the final stage of solidification, the 𝛼 + 𝛾 eutectic phase 
were formed that was caused by local fluctuation of the chemical composition. The presence of 
manganese in the alloy composition caused the formation of the blocky phase that correspond to a 
manganese-type phase (Al8Mn5) [11, 14].    
Figure 2(b, c) shows the representative microstructure of AME503 and AME505 as-cast 
experimental alloys done by Malik et al. [11, 14]. Both the alloys shows the presence of dendritic 
structure with heavy segregation of the alloying element. Besides that, the microstructure of both 
alloy consisted of 𝛼-Mg solid solution dendrite and two intermetallic phases with two different 
morphology, i.e. acicular and blocky [11]. Acicular phase is correspond to the Al11RE3 -
intermetallic phase, which are mainly located in the interdendritic regions and is typical for Mg-
Al-RE-type alloys. Meanwhile, the blocky phase is corresponded to manganese-type phase [11].  
In his paper, Malik et al. also concluded that by increasing the RE/Al ratio in the chemical 
composition of the alloy, their phase composition also changed considerably. The formation of 
Al11RE3 caused suppression of the  𝛼 + 𝛾 eutectic phase that leads to an increase in the mechanical 
(a) (b) (c) 
Figure 3: Microstructure of as cast AM50 (a), AME503 (b), and AME505(c) (Adapted from [14]) 
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properties of the alloy. The Al11RE3 phase formed through the addition of RE element also exhibit 
high thermal stability during creep testing at 45MPa and 473K [11]. 
2.2.3. Microstructure of Mg-Al-RE for different casting technique 
The influence of different kind of RE element addition, (i.e Ce, La, Nd) to the microstructure of 
AE series alloy(Mg-Al-RE-type) are still being investigated up till today. On top of that, it is also 
important to determine the influence of different casting technique on the microsturucture and 
properties of the AE series alloy because they exhibit different solidification rate. Recently, Bai et 
al. [4] in his paper worked on investigating the microstructure and mechanical properties of Mg-
4Al-(1-4) La alloy with 1-4% La addition processed by two distint casting methods, high-pressure 
die-casting(HPDC) and permanent mould casting. 
In his studies [4], microstructural observation was performed using Scanning Electron 
Microscope(SEM) that was equipped with Energy-Dispersive Spectrum (EDS) to obtain more 
detailed information on the microstructural characteristic of the present alloy. 
Figure 4(a)-(d) and (e)-(h) shows the SEM microstructures images of four alloys with different 
percentage of La under permanent mould casting(top) and HPDC technique(bottom), respectively 
as adapted from Bai et al. 
Figure 4: SEM micrographs of Mg-4Al alloy with different La content in permanent mould casting state (top) 
and HPDC state (bottom): (a) and (e) with 1% La, (b) and (f) with 2% La, (c) and (g) with 3% La, and  (d)and 
(h) with 4% La (Adapted from [4]) 
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As indicated in Figure 4(a), with 1% La, through permanent mould casting method, there exist two 
types of intermetallic phases ; one with dominant rod or needle shaped phase with a bright contrast 
and a small amount of irregular block-like phase with a gray contrast. EDS was used to analyse 
their phase composition and it was determined that the rod-like phase and irregular block-like 
phase were to be Al11La3 phase and Mg17Al11 phase respectively according to Bai et al. [4].  
As the La content increased to 2%wt, the volume fraction of Al11La3 phase increased, meanwhile 
the volume fraction of Mg17Al11 phase decreased as obviously seen in Figure 2(b). When the La 
content increasing above 3%wt as in Figure 4(c) and (d), the lamellar type eutectic phase present 
with increasing volume fraction of Al11RE3 phase that simultaneously eliminate Mg17Al11 phase. 
[4] 
As comparison to HPDC method, the morphology of the alloys are significantly finer due to faster 
cooling rate [4]. In Figure 4(e), the intermetallic also include Al11La3 with a bright contrast and 
Mg17Al11 with a gray constrast, that are similar as in Figure 4(a) (with 1%wt La). Inspection of 
Figure 4(f)-(h), the microsturctures are similar to that permanent cast alloys, with increasing the 
La content result in the rise of volume fraction of Al11RLa3 phase and the formation of a nearly 
continuous network distribution along grain/cell boundaries. [4] Meanwhile, the Mg17Al11 phase 
is gradually reduced until completely disappear as La content increased above 3%wt. [4] 
From the research done, it is obvious that from the as-cast microstructure observations, the addition 
of La into Mg-4Al alloy leads to the formation of preferential Al11La3 instead of Mg17Al11. This 
explains the major cause for the improvement of heat resistance in Mg-4Al alloys. This result leads 
to further research on modifying the microstructure of the alloy by adding a combination of La 
and Ce as presented in this project. This microstructural observation studies give an rough 
overview on the morphology of the alloys.    
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2.2.4. Effect of Ce-misch on microstructure and mechanical properties Mg-Al Alloy  
The influence of Ce-rich mischmetal added into the Mg-Al based alloy on their microstructure and 
mechanical properties are discussed here. Zhang et. al. in his report studies stated that with the 
addition of Ce, the grains of Mg-4Al-0.3Mn alloy are refined and the secondary phase Mg17AL11 
is suppressed by the formation of  intermetallic Al11Ce3 and (Al,Mg)2Ce with the former being the 
dominant one [15]. It is also stated that the 
Al11Ce3 possesses fine acicular morphology 
and have relatively good thermal stability. In 
term of their microstructure, it can be seen 
that as in Figure 5, the addition of Ce shows 
a distinctive change in the microstructure. 
Zhang et al. mentioned that with the 
increasing Ce content, the volume fraction of 
secondary phases (white constituent) 
increases remarkably. Meanwhile, the 
distribution of secondary phase particle 
change from discontinuous to continuous. In 
his report, the XRD diffraction shows that 
the presence of Mg17Al12 decreases sharply 
due to addition of Ce. It is also proven that 
the main secondary phase are Al11Ce3 and 
(Al, Mg)2Ce. [15]  
 
 
  
Figure 5: Interior region microstructures of the HPDC alloys: (a) AM40; 
(b) AlCe41; (c) AlCe42; (d) AlCe44; (e) AlCe46. (Adapted in [5]) 
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3. Experimental Methodology 
 
In this section, the methodology used for this project to achieve the objective of the project are 
elaborated and discussed in depth. It is divided into several parts; alloy composition and weight 
calculation, materials and apparatus used, casting procedure, preparation of metallographic 
samples and microscopy analysis. 
3.1. Alloy Composition and Weight Calculation 
From the knowledge gained through background research and literature review, Rare Earth 
element La and Ce were chosen to be the main element for the addition in the Mg-Al-type alloy. 
Their nominal composition are determined by my supervisor. Three nominal composition for Al 
and RE element are selected in this project and for every composition, the amount of La and Ce 
added to the alloy are modified as shown in Table 1 below. A total of 12 samples have been casted 
by permanent mould casting technique during the first half of the semester.  
Table 1: Mg-Al-RE-type alloy composition  
Nominal 
Composition 
Samples Name Mg Al La Ce 
4.1% Al and 
6.3% RE 
AF02 Bal. 4.10% 5.67% 0.63% 
AF03 Bal. 4.10% 3.15% 3.15% 
AF04 Bal. 4.10% 0.63% 5.67% 
AF05 Bal. 4.10% 0% 6.30% 
2.5% Al and 
7.4% RE 
AF06 Bal. 2.50% 6.66% 0.74% 
AF07 Bal. 2.50% 3.70% 3.70% 
AF08 Bal. 2.50% 0.74% 6.66% 
AF09 Bal. 2.50% 0% 7.40% 
5.8% Al and 
4.75% RE 
AF10 Bal. 5.80% 4.28% 0.48% 
AF11 Bal. 5.80% 2.38% 2.38% 
AF12 Bal. 5.80% 0.48% 4.28% 
AF13 Bal. 5.80% 0% 4.75% 
 
From the weight percentage determined from the table, the actual mass that need to be weighted 
for each elements are calculated. Nominal mass for the sample is determined to be about 60g. 
Therefore, to obtain the mass for each element, the weight percentage is multiplied with the 
nominal mass of the samples. A simple formula to determine the mass to be weighted is as follow: 
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒(%) × 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑀𝑎𝑠𝑠(60𝑔) 
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A full theoretical weight of each element for each samples and their actual mass could be found in 
Appendix A.  It is justifiable that the actual mass weighted would differ from theoretical mass by 
a percentage of error. However, this error would be negligible as it does not affect much for the 
final result that we are interested in. 
3.2. Materials and Apparatus 
All materials and apparatus for each procedure are listed as in Table 2 below: 
Table 2 : Materials and Apparatus used 
Procedure Materials and Apparatus 
Permanent Mould 
Casting 
1. Master alloy ( Mg, Al, La and Ce) 
2. Boron nitride coated/preheated clay bonded graphite crucible 
3. Tapered steel mould 
4. Steel Plunger 
5. Electrical Resistance Furnace 
6. Crucible holder caliper 
7. Cover gas (SF6 and CO2) 
8. Thermal Suits and Helmet 
Hot Mounting 
1. Struers CitoPress mounting press 
2. Thermosetting Resin 
3. Measuring Scope 
4. Filter Funnel 
Grinding and Polishing 
1. Struers Tegrapol-31 automatic polisher 
2. Alcohol/ Ethanol 
3. Sic grind Paper grade 320, 600, 1200 
4. Air Vacuum Compressor 
5. MD cloth( Largo, Mol, Nap) 
6. DP Paste – 1 micron 
Microstructure Analysis i. Hitachi TM3030 SEM/EDS Tabletop Microscope 
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3.3. Permanent Mould Casting Method 
The first step for this project would be to prepare the samples for casting. Casting is used to prepare 
the samples for microstructural analysis. Permanent mould casting is used for this project because 
it involves slow solidification and the microstructures morphology are comparable to those with 
using a High Pressure Die Casting method. The Mg-Al-RE alloy casting procedure was conducted 
in the molten metal laboratory in Advanced Engineering Building, at The University of 
Queensland (UQ) under full supervision by Dr. Stuart McDonald.  
Appropriate safety induction according to UQ Occupational Health and Safety regulations (OHS) 
were taken prior to conducting any experimental works in the laboratory. These induction covers 
all the relevant aspect such as hazard and risk associated with the works to be done, personal 
protective equipment (PPE), safe work practices and emergency procedures. 
The detailed procedure for casting are shown as below: 
1. The alloying element i.e.; Mg, Al, La and Ce are first 
weighted according to their calculated weight based on the 
composition that was determined beforehand. 
2. A crucible coated with boron nitride are preheated first 
before put into electrical furnace.  
3. The Mg and Al alloys are put into the coated boron nitride 
crucible and melted in the electrical furnaces (Figure 6) at 
8500C for at least 3 hours. 
4. Meanwhile, the steel mould is preheated at 2000 C to remove 
any moisture that would cause explosion when the molten 
metal is poured into it. 
5. Also, the cover gas are turned on and flowed into the 
furnaces to reduce surface oxidation. It was displaced to the 
surface of molten metal Mg-Al based melts, creating a layer barrier to air. 
6. After that, the crucible is taken out and the RE element La and Ce are added together into the 
molten Mg-Al alloy, stirred carefully to ensure equal distribution of the alloys. 
7. The alloys are heated for another 40 minutes before taking out from the furnaces. 
Figure 6: Electrical Furnace Used 
for the Alloying procedure 
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8. Carefully, the melts are poured into the preheated cylindrical steel mould while directing cover 
gas onto the surface of the melts. 
9. The melts are left for several minutes to solidify and cooled at room temperature. 
10. The same steel mould was used for every casting samples to ensure constant cooling rate. 
11. The procedure are repeated several times by using different composition of alloying element. 
3.4. Hot Mounting 
The samples that have been casted are cut into small pieces at approximately 5mm length. Before 
going for microstructural analysis, they need to be mounted first to provide a safe and ergonomic 
ways to hold and handle the sample during grinding and polishing. The material used for mounting 
material is a thermosetting resins (Polyfast) that have high preparation quality and fast mounting. 
It is specially used for examination in SEM. Stuers CitoPress mounting press (Figure 7) was used 
for the mounting process as it is a powerful hot mounting press which gives short mounting times 
and user friendly. The manual operation of using the machine was taught by Mrs. Glenda Zemanek.     
 
Figure 7: Stuers CitoPress Hot Mounting Press Machine 
3.5. Grinding and Polishing 
Grinding and polishing are done to prepare the sample surface for microstructure analysis in the 
SEM. This process is very crucial and important as to ensure a visible and clear surface of the 
samples when analyzing the morphology of the phases.  
The grinding process uses SiC grind paper grade 320, 600 and 1200 which aims to ensure an even 
surface of the samples. Meanwhile, polishing serves to ensure a fine and clear surface making it 
possible to view the microstructure under SEM. Both grinding and polishing steps uses the Stuers 
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Tegrapol-31 polishing machine (Figure 8). This machine is an automated machine that operates 
by setting our own parameters as required. The procedure goes by putting the samples into the 
sample holders, and they are grinded automatically for a set period of time. The samples are 
grinded several times until an even surface is acquired.  
They are then polished using three different MD cloths, starting from MD-Largo, MD Mol and 
finally MD Nap. All these polishing steps also used different types of lubricants. Table 3 below 
shows all the set up parameters that were applied for grinding and polishing according to steps.  
 
Figure 8: Stuers Tegrapol-31 Polishing Machine 
 
Table 3: Set Up Parameters for Grinding and Polishing 
 
 
 
Steps 
SiC paper/ 
Polishing 
Cloth 
Duration(s) Force(N) 
Disc 
Rotation 
Speed(rpm) 
Sample 
Holder 
Speed 
(rpm) 
Lubricant 
1 SiC 320 180 20N / 120N 150 150 Water 
2 SiC 1200 180 20N / 120N 150 150 Water 
3 MD-Largo 150 10N / 60N 150 150 Mol-B1(9 micron) 
4 DP-Mol 150 10N / 60N 150 150 DiaPro(3 micron) 
5 MD-Nap 180 15N / 90N 150 150 Nap-B1(1 micron) 
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3.6. Microstructure Analysis  
Microscopy analysis was conducted to view and obtain microstructure images for each samples. 
The samples was observed under the Scanning Electron Microscope (SEM). SEM is a powerful 
microscope that can observe microstructures under high magnification. It is also equipped with 
Electron Dispersive Spectrum (EDS) that could determine the chemical composition of the 
elements present in the samples. Morphology and phases present could be viewed clearly. In this 
project, several microstructures images has been taken at different magnification which will be 
discussed later in the next section.  
As in the Figure 9 below, the microstructures images are taken at three different location, i.e. 
Centre, Middle and Edge. Appendix B shows all the microstructure images taken at all these 
location.  
 
Figure 9: Location for Microstructure Analysis images 
  
CENTRE 
MIDDLE 
EDGE 
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4. Result and Discussion 
In this section, the results of this experimental project are shown and analyzed. This section are 
divided into three important sub-section which is microstructure analysis, Volume fraction and 
SEM/EDS Mapping 
4.1. Microstructure Analysis 
Microstructural analysis would shows the comparison for samples of different RE element 
composition that has been casted. The change in composition for all of the elements used cause 
significant and distinctive changes to the microstructures of the samples. SEM micrograph were 
taken for each of the samples to observe and analyze intermetallic phases that were formed inside 
the microstructure. All of the samples were also exposed to the EDS Elemental Mapping which 
would enable us to determine and identify their respective chemical composition for each 
intermetallic phases. 
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4.1.1. Sample Composition: Mg-4.1Al-6.3RE   
 
Figure 10 shows the typical cross section of SEM micrograph for Mg-4.1wt%Al-6.3wt%RE alloy 
at two different magnification taken at the Centre of the samples. (Refer Appendix B for 
micrograph at the Middle and Edges). Figure 10(a) & (b) shows the micrograph of sample AF02 
(with 90%La, 10%Ce). It can be observed clearly the formation of primary 𝛼-phase magnesium 
dendrites characterized by dark gray region and one or more intermetallic phase in the 
interdendritic region. These phase are similar as reported by Powell et al [3]. The intermetallic 
phases consist of two phase morphologies which is lamellar (eutectic phase) and particulate shape 
(white contrast blocky shape). In this samples, it seems that the lamellar-like morphology 
dominates the interdendritic region as compared to the particulate shape phase. This morphology 
was also reported by Zhu et al [2]. It should also be noted that the lamellar phase have some region 
that form ultra-fine eutectic phase and some region form coarser phase. As stated by Bai et. al [4], 
the formation of finer intermetallic phase are due to faster cooling rate. These phenomenon may 
due to this factor. However, as cooling rate may be different in certain region, the lamellar phase 
are not fully forming the ultra-fine phase.  
As the composition of RE element change into 50%wt La and 50%wt Ce (AF03), the overall 
microstructures does not have any significant changes as compared to the previous sample. 
However, we could see from Figure 10(c) and (d) that there are slight increase for the particulate 
shape in the intermetallic phases. The increase in particulate shape may due to the increase of Ce 
element addition in the alloy even though there is still lack of understanding on how various RE 
elements interact with each other on the basis of their relative amount [16]. Moving down, as more 
and more Ce are added into the alloy, we could observe a trend, with the increment of the 
particulate shape in the intermetallic phases as shown in Figure 10(e), (f), (g) and (h). It is also 
noted that the lamellar phase become coarser as Ce content increases.  
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Figure 10: Micrograph of Mg-4.1Al-6.3RE at two different magnification, Left side: X100 and Right side: 
X600, with different RE composition , (a) & (b) 90% La and 10% Ce;  (c) & (d) 50% La and 50% Ce;  (e) & (f) 
10% La and 90% Ce;  (g) & (h)  100% Ce 
  
  
  
  
a b 
h g 
e f 
d c 
Alpha phase 
Lamellar-like phase 
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4.1.2. Sample Composition: Mg-2.5Al-7.4RE   
Figure 11 (next page) shows the typical cross section of SEM micrograph for Mg-2.5wt% Al- 
7.4wt% RE at two different magnification taken at the Centre of the sample. (Refer Appendix B 
for micrograph at the Middle and Edges). 
Figure 11(a) & (b) shows the micrograph of sample AF06 with 90%wt La and 10%wt Ce. As 
observed, there are three distinctive phases present in the microstructure. The first one is the typical 
primary 𝛼-phase Mg dendrites which are characterized by dark gray region. The second phase 
formed is an intermetallic phase with morphology of a lamellar-like phase (eutectic phase) that are 
randomly distributed throughout the microstructure. And, lastly there are the formation of 
secondary phases with gray contrast which precipitate along the intermetallic phase that has 
irregular shape randomly distributed in the microstructure. The interesting fact is that this 
secondary phase can only be seen on this nominal composition. For other two nominal 
composition, i.e. Mg-4.1Al-6.3RE and Mg-5.8Al-4.75RE there are no traces of this phase.  
 
 
 
 
22 | P a g e  
 
Figure 11: Micrograph of Mg-2.5Al-7.4RE for different RE element composition at two different 
magnification, Left side: X100 and Right side: X600, (a) & (b) 90% La and 10% Ce;  (c) & (d) 50% La and 
50% Ce;  (e) & (f) 10% La and 90% Ce;  (g) & (h)  100% Ce 
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4.1.3. Sample Composition: Mg-5.8Al-4.75RE   
Figure 12 (next page) shows the typical cross section of SEM micrograph for Mg-5.8wt% Al- 
4.75wt% RE at two different magnification taken at the Centre of the sample. (Refer Appendix B 
for micrograph at the Middle and Edge). 
Figure 12(a) and (b) shows the cross section microstructure of sample AF10 (90%wt La and 
10%wt Ce). From the SEM micrograph, it can be observed clearly on the presence of primary 𝛼-
phase Magnesium dendrites and other intermetallic phases. These intermetallic phases formed a 
rod or needle-like phase and particulate shape (white contrast). As stated in previous sub-section, 
the needle-like phase dominates the intermetallic phase. It is noted that the precipitation of 
particulate shaped phase are randomly distributed along the microstructures. As Ce content 
increases from 10% to 50%wt, there is a slight increases in the amount of particulate phase present 
as could be seen from Figure 12(c) and (d). 
As Ce content increases more and more up to 90%wt, we could see a significant changes at the 
morphologies of each phases. Going down the micrograph, the distinctive characteristics between 
all the samples is on the distribution of the particulate phase and the refinement of needle-like 
phase. It can be observed that there is an increase in size and number of the particulate phase as 
Ce content increases. In Figure 12(e) and (g), there are a high concentration of the particulate phase 
at some few area mostly at the center of the microstructure. There also a large polygonal particle 
size that is clearly observable between the eutectic regions. Also, it can be said that the needle-like 
phase become much finer. The mechanism behind this phenomenon are however is not fully 
understood because there are little to no past studies related on how different composition of RE 
element affects the microstructural changes of Mg-Al based alloy. On top of that, it can be 
concluded that even for a small change in the composition of RE element, it would give significant 
changes to the microstructure of the alloy. 
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Figure 12: Micrograph of Mg-5.8Al-4.75RE for different RE element composition at two different 
magnification, Left side: X100 and Right side: X600, (a) & (b) 90% La and 10% Ce;  (c) & (d) 50% La and 
50% Ce;  (e) & (f) 10% La and 90% Ce;  (g) & (h)  100% Ce 
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25 | P a g e  
 
4.2. Volume Fraction Analysis 
For each samples, a volume fraction analysis has been done to determine the volume fraction for 
each phases that exist in the microstructures. This has been done by using a freeware software 
ImageJ which was used to calculate the area percentage of the selected phase region. The area 
percentage is estimated to be equal to the volume fraction of each phases in the microstructures.  
The calculation for volume fraction has been done on each samples at magnification X100 at three 
different location. Table 4 to 6 shows the volume fraction in percentage (%) for each phases for 
all samples. Three bar chart at each location are then plotted as in Figure 13 to 15 to show 
comparison of different volume fraction of each phases among all the samples.  
Table 4: Volume Fraction (%) for each Phases at the Centre 
 
 
 
 
 
 
 
Nominal 
Composition 
Samples 
Phases Volume Fraction (%) 
Primary 
Alpha-Mg  
Secondary 
Phase 
Lamellar-
like Phase 
Particulate 
Shape 
4.1% Al and 
6.3% RE 
AF02 66.50 - 33.50 0.00 
AF03 56.73 - 42.57 0.70 
AF04 61.17 - 38.08 0.75 
AF05 70.37 - 28.76 0.87 
2.5% Al and 
7.4% RE 
AF06 71.49 15.33 13.18 - 
AF07 61.18 10.75 28.07 - 
AF08 66.07 5.94 27.99 - 
AF09 47.26 4.43 48.31 - 
5.8% Al and 
4.75% RE 
AF10 74.75 - 24.25 1.01 
AF11 79.87 - 18.63 1.50 
AF12 73.22 - 24.52 2.27 
AF13 78.11 - 17.20 4.69 
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Table 5: Volume Fraction (%) for each Phases at the Edge 
Nominal 
Composition 
Samples Volume Fraction (%) 
Primary Alpha-
Mg  
Secondary 
Phase 
Lamellar-
like Phase 
Particulate 
Shape 
4.1% Al and 
6.3% RE 
AF02 75.07 - 24.93 0.00 
AF03 50.35 - 48.57 1.08 
AF04 66.65 - 32.11 1.24 
AF05 52.24 - 47.33 0.43 
2.5% Al and 
7.4% RE 
AF06 78.32 
 
N/A - 
AF07 64.08 16.73 19.19 - 
AF08 61.15 3.18 35.67 - 
AF09 56.42 4.77 38.81 - 
5.8% Al and 
4.75% RE 
AF10 72.65 - 26.56 0.79 
AF11 68.49 - 30.97 0.54 
AF12 69.66 - 29.81 0.53 
AF13 65.99 - 31.45 2.56 
 
Table 6: Volume Fraction (%) for each Phases at the Middle 
Nominal 
Composition 
Samples 
Volume Fraction (%) 
Primary 
Alpha-Mg  
Secondary 
Phase 
Lamellar-
like Phase 
Particulate 
Shape 
4.1% Al and 
6.3% RE 
AF02 72.61 - 27.40 0.00 
AF03 66.69 - 32.70 0.61 
AF04 76.05 - 22.84 1.12 
AF05 64.45 - 34.33 1.22 
2.5% Al and 
7.4% RE 
AF06 70.99 15.10 13.91 - 
AF07 61.95 14.13 23.92 - 
AF08 65.64 7.89 26.47 - 
AF09 67.20 3.64 29.16 - 
5.8% Al and 
4.75% RE 
AF10 76.76 - 21.89 1.35 
AF11 68.12 - 31.08 0.80 
AF12 77.63 - 21.07 1.30 
AF13 70.61 - 26.46 2.94 
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Figure 13: Volume Fraction for Each Phases at Location: Centre 
 
 
Figure 14: Volume Fraction for Each Phases at Location: Edge 
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Figure 15: Volume Fraction for Each Phases at Location: Middle 
 
Based on Figure 13 to 15, for the first nominal composition Mg-4.1Al-6.3RE (sample AF02 to 
AF05) the largest volume fraction is the primary 𝛼-phase Magnesium, followed by lamellar-like 
or eutectic phase and lastly the small amount of particulate shape phase. This is true for all 
microstructure location. The volume fraction for particulate shape shows an increase trend as the 
Ce composition increases from 10% to 90%. This trend is similar as observed in Section 4.1.1. 
For the nominal composition Mg-2.5Al-7.4RE (sample AF06 to AF09), the highest volume 
fraction is the primary 𝛼-phase Magnesium dendrites. However, as the composition of Ce 
increases, there is a decreases on volume fraction of the secondary phase. This happen otherwise 
for lamellar-like or eutectic phase where they show an increment in their volume fraction as Ce 
content increases. It can be concluded that the formation of eutectic phase would suppress the 
secondary phase as Ce composition increases from 10% to 90%.  
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For the nominal composition Mg-5.8Al-4.75RE (sample AF10 to AF13), the largest volume 
fraction is similar to the other two composition which is the primary 𝛼-phase Magnesium 
dendrites. There is a moderate amount of lamellar/eutectic phase in the microstructure at all 
location. Besides that, the volume fraction for particulate phase shows an increase trend as Ce 
composition increases. The increase in particulate phase result is similar as observed in the 
previous sub-section (Section 4.1.3). 
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4.3. SEM/EDS Mapping 
EDS Elemental Mapping was also done on each samples to determine their chemical and atomic 
composition for each intermetallic phases that were formed in the microstructures. By doing this, 
we could estimate the chemical compound formula for each of the intermetallic phases.   
4.3.1. Bulk Composition 
The overall nominal composition for each samples that were determined from EDS Mapping are 
tabulated as in Table 8 below:- 
Table 7: Normalized Composition of Each Samples determined from EDS Mapping 
Nominal 
Composition 
Samples 
Normalized Composition (wt. %) 
Mg Al La Ce 
4.1% Al and 
6.3% RE 
AF02 94.78 2.12 2.74 0.36 
AF03 92.32 3.10 2.34 2.23 
AF04 92.72 2.78 0.48 4.02 
AF05 92.81 3.04 0.02 4.13 
2.5% Al and 
7.4% RE 
AF06 93.64 1.75 3.97 0.65 
AF07 92.95 2.00 2.48 2.56 
AF08 93.09 1.85 0.53 4.53 
AF09 91.19 2.32 0.10 6.39 
5.8% Al and 
4.75% RE 
AF10 91.53 4.83 3.17 0.47 
AF11 92.14 4.54 1.64 1.69 
AF12 93.17 4.14 0.23 2.45 
AF13 90.36 4.33 0.05 5.26 
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4.3.2. Phase Composition 
At x5000 magnification, EDS was performed on phases and particles that are visible in the 
microstructures to determine their chemical and atomic composition. Several EDS Mapping was 
captured and shown in Appendix C. The next sub section shows the EDS quantification for 
phases/region of interest. 
4.3.2.1. Nominal Composition: Mg-4.1Al-6.3RE   
 
 
 
 
 
 
 
 
  
Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   28.92   52.14 
Aluminium 13 K-series   19.45   31.59 
Lanthanum 57 L-series   44.04   13.89 
Cerium    58 L-series    7.58    2.37 
------------------------------------- 
               Total:  100.00  100.00 
 
 
 
Figure 16: AF02 (90% La & 10% Ce Intermetallic Element Quantification 
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Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   90.05   94.94 
Aluminium 13 K-series    4.22    4.01 
Lanthanum 57 L-series    3.03    0.56 
Cerium    58 L-series    2.70    0.49 
------------------------------------- 
               Total:  100.00  100.00 
 
Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   95.55   97.88 
Aluminium 13 K-series    1.78    1.64 
Lanthanum 57 L-series    1.90    0.34 
Cerium    58 L-series    0.76    0.14 
------------------------------------- 
               Total:  100.00  100.00 
 
Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   56.38   77.20 
Aluminium 13 K-series   12.45   15.36 
Cerium    58 L-series   17.78    4.22 
Lanthanum 57 L-series   13.39    3.21 
------------------------------------- 
               Total:  100.00  100.00 
 
a 
c 
 
b 
 
(a) 
 
(c) 
 
(b) 
 
Figure 17: AF03 (50% La & 50% Ce) Intermetallic Element Quantification 
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Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   93.05   96.70 
Aluminium 13 K-series    2.71    2.54 
Cerium    58 L-series    3.86    0.70 
Lanthanum 57 L-series    0.38    0.07 
------------------------------------- 
               Total:  100.00  100.00 
 
Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   48.46   70.74 
Aluminium 13 K-series   15.26   20.07 
Cerium    58 L-series   34.28    8.68 
Lanthanum 57 L-series    2.00    0.51 
------------------------------------- 
               Total:  100.00  100.00 
 
b a 
(a) 
 
(b) 
 Figure 18: AF04 (10% La & 90% Ce) Intermetallic Element Quantification 
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 Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   95.39   97.24 
Aluminium 13 K-series    2.62    2.40 
Cerium    58 L-series    1.99    0.35 
Lanthanum 57 L-series    0.00    0.00 
------------------------------------- 
               Total:  100.00  100.00 
 
Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   43.24   66.58 
Aluminium 13 K-series   16.30   22.61 
Cerium    58 L-series   40.05   10.70 
Lanthanum 57 L-series    0.41    0.11 
------------------------------------- 
               Total:  100.00  100.00 
 
b 
 
a 
 
(a) 
 
(b) 
 Figure 19: AF05 (100% Ce) Intermetallic Element Quantification 
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4.3.2.2. Nominal Composition: Mg-2.5Al-7.4RE   
 
 
 
  
a 
 
Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   97.11   98.71 
Aluminium 13 K-series    1.06    0.97 
Lanthanum 57 L-series    1.60    0.28 
Cerium    58 L-series    0.23    0.04 
------------------------------------- 
               Total:  100.00  100.00 
 
Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   84.98   95.27 
Lanthanum 57 L-series   11.62    2.28 
Aluminium 13 K-series    2.20    2.22 
Cerium    58 L-series    1.20    0.23 
------------------------------------- 
               Total:  100.00  100.00 
 
b 
 
(a) (b) 
 
Figure 20: AF06 (90% La & 10% Ce) Intermetallic Element Quantification 
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  Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   84.86   95.47 
Lanthanum 57 L-series    8.99    1.77 
Cerium    58 L-series    4.24    0.83 
Aluminium 13 K-series    1.91    1.94 
------------------------------------- 
               Total:  100.00  100.00 
 
Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   89.76   95.83 
Cerium    58 L-series    4.25    0.79 
Lanthanum 57 L-series    3.07    0.57 
Aluminium 13 K-series    2.93    2.81 
------------------------------------- 
               Total:  100.00  100.00 
 
Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   96.84   98.50 
Aluminium 13 K-series    1.28    1.17 
Cerium    58 L-series    1.02    0.18 
Lanthanum 57 L-series    0.86    0.15 
------------------------------------- 
               Total:  100.00  100.00 
 
Figure 21: AF07 (50% La & 50% Ce) Intermetallic Element Quantification 
(a) (b) 
 
(c) 
 
b 
c 
a 
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Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   84.09   95.87 
Cerium    58 L-series   11.89    2.35 
Lanthanum 57 L-series    2.83    0.56 
Aluminium 13 K-series    1.19    1.22 
------------------------------------- 
               Total:  100.00  100.00 
 
Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   48.97   72.44 
Cerium    58 L-series   33.34    8.55 
Aluminium 13 K-series   13.44   17.91 
Lanthanum 57 L-series    4.25    1.10 
------------------------------------- 
               Total:  100.00  100.00 
 
b 
 
a 
(a) (b) 
 
Figure 22: AF08 (10% La & 90% Ce) Intermetallic Element Quantification 
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b 
 
a 
 
Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   82.29   95.08 
Cerium    58 L-series   16.00    3.21 
Aluminium 13 K-series    1.63    1.70 
Lanthanum 57 L-series    0.08    0.02 
------------------------------------- 
               Total:  100.00  100.00 
 
Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   96.78   98.75 
Cerium    58 L-series    2.31    0.41 
Aluminium 13 K-series    0.91    0.84 
Lanthanum 57 L-series    0.00    0.00 
------------------------------------- 
               Total:  100.00  100.00 
 
(a) 
 
(b) 
 
Figure 23: AF09 (100% Ce) Intermetallic Element Quantification 
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4.3.2.3. Nominal Composition: Mg-5.8Al-4.75RE   
 
 
 
 
 
 
  
a 
 
Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   52.92   71.83 
Lanthanum 57 L-series   25.49    6.05 
Aluminium 13 K-series   17.26   21.10 
Cerium    58 L-series    4.33    1.02 
------------------------------------- 
               Total:  100.00  100.00 
 
 
 
Figure 24: AF10 (90% La & 10% Ce) Intermetallic Element Quantification 
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Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   46.29   67.03 
Cerium    58 L-series   19.18    4.82 
Aluminium 13 K-series   18.46   24.08 
Lanthanum 57 L-series   16.06    4.07 
------------------------------------- 
               Total:  100.00  100.00 
 
 
 
Figure 25: AF11 (50% La & 50% Ce) Intermetallic Element Quantification 
41 | P a g e  
 
 
  
Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Magnesium 12 K-series   45.46   65.47 
Cerium    58 L-series   32.52    8.12 
Aluminium 13 K-series   19.95   25.88 
Lanthanum 57 L-series    2.07    0.52 
------------------------------------- 
               Total:  100.00  100.00 
 
 
 
Figure 26: AF12 (10% La & 90% Ce) Intermetallic Element Quantification 
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  Spectrum: Point 
 
Element   AN  Series  norm. C Atom. C 
                       [wt.%]  [at.%] 
------------------------------------- 
Cerium    58 L-series   63.30   24.61 
Aluminium 13 K-series   26.11   52.71 
Magnesium 12 K-series   10.02   22.46 
Lanthanum 57 L-series    0.57    0.22 
------------------------------------- 
               Total:  100.00  100.00 
 
 
 
Figure 27: AF13 (100% Ce) Intermetallic Element Quantification 
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4.3.3. Discussion on SEM/EDS Quantification 
For the first sample composition Mg-4.1Al-6.3RE, the particulate phase as in Figure 16 is taken 
from sample AF02 which precipitates along the 𝛼-phase. As observed and discussed before in 
Section 4.1.1, this particulate particle are randomly distributed along the microstructures. The 
result show that the proportion of Al, La and Ce is approximately Al-31.59 La-13.89 Ce-2.37. This 
is similar to Al-31.59 RE-16.26, and as a result the particle can be described as Al2RE phase. This 
phase is similar to what have been reported as in previous studies. [3, 15]For the next sample AF03 
(Fig. 17), three region has been analyzed. The first region Fig. 17(a) has a proportion Mg-94.94 
Al-4.01 RE-1.05. This is the lamellar/eutectic region. From the result the phase can be described 
as Al11RE3 as we looking at the ratio of Al and RE. The second region Fig. 17(b) (particulate 
shape) has a proportion of Al-15.36 RE-7.43, which resulted being as Al2RE phase. Fig. 17(c) 
shows a high- Magnesium rich region characterized by dark region. This phase is believed to be 
the primary 𝛼-phase magnesium dendrites. 
For the second sample composition Mg-2.5Al-7.4RE, Figure 20 shows the irregular shape phase 
(gray contrast) characterized as the secondary phase as in Section 4.1.2 taken from sample AF06. 
The secondary phase has an atomic ratio of Mg-95.27 Al-2.22 RE-2.51, giving a chemical 
compound of Mg43Al. This is a very rough estimate as the phase could not be identified as Mg17Al12 
which is typical for Mg-Al alloy. The formation of this phase are not fully understand. However, 
in Fig.21 (b), the lamellar/eutectic phase has a proportion of Al-2.81 RE-1.36 which suggest that 
the phase is the intermetallic Al2RE phase. Meanwhile, in Fig. 22 (b) sample AF08 the particulate 
phase is believed to have a chemical formula of Al2RE phase.  
For the third sample composition Mg-5.8Al-4.75RE, Figure 24 to 27 shows the EDS quantification 
of the particulate phase. This phase is being the main interest in this analysis as they shows 
significant change when the concentration of Ce increases as discussed in Section 4.1.3. In Fig. 
24, 25, 26 and 27 the proportion of atomic composition is Al-21.10 RE-7.07, Al-24.08 RE-8.89, 
Al-25.88 RE-8.64 and Al-52.71 RE-24.83 respectively. For the first three particulate shape, the 
particle can be described as Al3RE phase. It is contradict from the previous report [2, 3] in which 
the particulate phase are believed to have intermetallic Al2RE phase. However, for the particulate 
shape in Fig. 27 from sample AF13, the chemical compound is found to be Al2RE phase. 
Quantitatively, these value are not 100% correct as it will require a very precise procedure to obtain 
good results.  
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5. Future Works 
This research thesis project are basically focused more on the development of microstructure and 
morphology of the phases exist on the Mg-Al based alloy with the addition of Rare Earth Element. 
Future research and works need to be continued in this field to achieve the ultimate goal of 
increasing the creep resistance of Mg-Al based alloy so that it will be capable to be used at high 
temperature application. Several recommendation has been suggested and described briefly as in 
Table 9 below. 
Table 8: Recommendation for Future Research 
Recommendation Details 
Mechancal Testing i.e. 
Hardness test, Tensile 
Test, Creep deformation 
Test 
Observing the microstructures and morphology does not prove 
that their mechanical properties especially in creep resistance 
improved. There is a need to perform mechanical testing on 
these samples as it would verifying that the addition of La and 
Ce are truly reliable for creep resistance enhancement. 
Besides that, we could identify and record their mechanical 
properties for future references so that a lot more research could 
be done. 
Thermal Analysis 
Thermal Analysis would be of significance method for future 
research to investigate the solidification characteristics of the 
alloy. It is required to investigate the development of 
microstructure during solidification so that we could determine 
the solidification pathways for Mg-Al-RE alloy. [17]  
Addition of Different RE 
Element 
Many studies have been done on the addition of different RE 
element into the Mg-Al based alloy system. The effect of adding 
these material to the development of microstructures and 
mechanical properties of these alloy are crucial as it will enable 
various option for the best RE element addition. 
Addition of different 
Composition of La and 
Ce 
By further research and experiments, various combination of La 
and Ce could be done and thus leading to finding the optimal 
composition of RE element addition so that it could practically 
applied in industries.   
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6. Conclusion 
 
The addition of La and Ce element into Mg-Al alloy was investigated to study their effect on the 
microstructures and morphologies of the intermetallic phases. A total of 12 samples of Mg-Al-RE 
alloy were casted with each having different elemental composition and their microstructures and 
phases were investigated through a series of experiment. The SEM micrograph and EDS Mapping 
was done and the results were analyzed thoroughly. 
From the data of the experiment, a few important findings are highlighted as follow:  
i.  The formation of intermetallic phase Al11RE3 and Al2RE are caused by the addition of 
RE element (La and Ce) into Mg-Al alloy. These phases cause suppression of Mg17Al12 
because from the microstructure analysis, there are no traces of this phase. 
ii. An increases in the concentration of Ce element cause the formation of a much finer 
lamellar/eutectic phase morphology which is Al11RE3 phase. Besides that, the 
particulate phase which is known as Al2RE phase increase in volume fraction and 
particle sizes as Ce concentration increases 
iii. A foreign phase was observed for samples with nominal composition of Mg-2.5wt% 
Al-7.4wt% RE. EDS Mapping of this phases result in chemical compound of Mg43Al. 
The formation of these phases are not fully understand.  
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8. Appendices 
8.1. Appendix A – Summary of Measured Weight for Each Samples 
Table 9: Summary of Measured Weight for Each Samples 
Sample Element Theoretical Mass (g) Actual Mass (g) 
Percentage 
Error (%) 
AF02 
Mg 53.76 53.75 0.01 
Al 2.46 2.45 0.53 
La 3.40 3.42 0.47 
Ce 0.38 0.39 1.85 
AF03 
Mg 53.76 53.40 0.67 
Al 2.46 2.47 0.49 
La 1.98 1.96 1.08 
Ce 1.98 1.99 0.08 
AF04 
Mg 53.76 53.83 0.12 
Al 2.46 2.50 1.46 
La 0.38 0.36 5.56 
Ce 3.40 3.45 1.29 
AF05 
Mg 53.76 53.77 0.02 
Al 2.46 2.46 0.04 
La - - - 
Ce 3.78 3.84 1.61 
AF06 
Mg 54.06 54.11 0.09 
Al 1.50 1.50 0.00 
La 4.20 4.13 1.52 
Ce 0.47 0.47 1.67 
AF07 
Mg 54.06 54.10 0.07 
Al 1.50 1.50 0.20 
La 2.33 2.36 1.07 
Ce 2.33 2.37 1.67 
AF08 
Mg 54.06 54.04 0.04 
Al 1.50 1.52 1.53 
La 0.46 0.48 4.76 
Ce 4.20 4.18 0.35 
AF09 
Mg 54.06 54.15 0.17 
Al 1.50 1.51 0.73 
La - - - 
Ce 4.44 4.51 1.64 
AF10 
Mg 53.67 53.75 0.15 
Al 3.48 3.49 0.37 
La 2.57 2.70 5.38 
Ce 0.29 0.31 9.82 
AF11 
Mg 53.67 53.57 0.18 
Al 3.48 3.49 0.14 
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La 1.43 1.49 4.28 
Ce 1.43 1.54 7.79 
AF12 
Mg 53.67 53.84 0.32 
Al 3.48 3.42 1.78 
La 0.29 0.31 7.72 
Ce 2.51 2.69 7.39 
AF13 
Mg 54.67 53.66 1.86 
Al 3.48 3.49 0.34 
La - - - 
Ce 4.75 4.87 2.61 
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8.2. Appendix B – Overall SEM Micrograph  
8.2.1. At x100 Magnification 
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Sample CENTRE MIDDLE EDGE 
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8.2.2. At x600 Magnification 
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8.2.3. At x1200 Magnification 
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8.3. Appendix C – EDS Mapping 
AF02 
      
 
 
Figure 28: Sample AF02 (90% wt. La and 10% wt. Ce) EDS Elemental Mapping 
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AF03 
       
 
Figure 29: Sample AF03 (50% wt. La and 50% wt. Ce) EDS Elemental Mapping
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AF04 
         
 
 
Figure 30: Sample AF04 (10% wt. La and 90% wt. Ce) EDS Elemental Mapping 
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AF05 
       
 
 
Figure 31: Sample AF05 (100% wt. Ce) EDS Elemental Mapping 
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AF06 
    
 
Figure 32: Sample AF06 (90% wt. La and 10% wt. Ce) EDS Elemental Mapping 
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8.4. Appendix D – Risk Management Plan 
 The following section identifies and analyses the potential risks, constraints and method to 
overcome during the commencement of the project. The assessment identifies risks associated with 
the project execution. The severity level of each risk is determined by the likelihood and 
consequences based on the Risk Management Matrix shown in Table 4 below [18]. Table 5 shows 
the risk associated with the project, along with its severity level, risk management and mitigated 
severity level after risk management has been done. 
 
Table 10: Risk Assessment Matrix (Adapted from [18]) 
 
 
 
 
 
 
 
 
 
 
 
Consequences 
Insignificant 
(1) 
Minor 
(2) 
Moderate 
(3) 
Major 
(4) 
Catastrophic 
(5) 
Li
ke
li
h
o
o
d
 
Almost certain 
(5) 
5 
High 
10 
High 
15 
Extreme 
20 
Extreme 
25 
Extreme 
Likely 
(4) 
4 
Medium 
8 
High 
12 
High 
16 
Extreme 
20 
Extreme 
Moderate 
(3) 
3 
Low 
6 
Medium 
9 
High 
12 
Extreme 
15 
Extreme 
Unlikely 
(2) 
2 
Low 
4 
Low 
6 
Medium 
8 
High 
10 
Extreme 
Rare 
(1) 
1 
Low 
2 
Low 
3 
Medium 
4 
High 
5 
High 
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Table 11: Risk Assessment and Management Strategy 
 
Risk Likelihood Consequences 
Severity/ 
Rating 
Management Strategy 
Mitigated 
Severity/ 
Rating 
Management 
Delay in schedule Moderate Major 
12 
Extreme 
- Prepare project timeline that consider any possibilities of scheduled 
delay 
- Ensure all task and works are done according to schedule/ perform 
earlier to avoid any delay in works 
Low 
Loss of work due to 
technical problem 
Unlikely Major 
8 
High 
- Ensure there are multiple storage devices or backup drives to store 
current work  
- Documented work is saved at frequent times. 
Low 
Project objective are not 
achieved 
Moderate Major 
12 
Extreme 
- Provide detailed project timeline and milestones 
- Have scheduled meeting with supervisor to updates work progress and 
discuss any arising issues/problems 
Low 
Supervisor not available 
to discuss important 
matters regarding the 
project 
Unlikely 
Moderate. Would 
cause delay in 
work progress 
6 
Medium 
- Do a lot of research and read past journal articles regarding the project      
before set up meeting with supervisor when he/she is available 
- Scheduled meeting with supervisor 
Low 
Technical/Experimental 
Exposure to extreme 
heat during casting 
process 
Moderate. It is possible 
to expose to extreme 
heat when performing 
casting process 
Moderate. May 
cause injury if 
exposed to heat too 
long 
9 
High 
- Wear appropriate Personal Protective Equipment (PPE) such as safety 
spec, high temp -Kevlar gloves, heat shield visor, safety boots, and 
thermal jacket. 
- Given proper training in handling equipment for casting 
- There will always be two operators present during casting operation 
 
Low 
Molten metal explosion 
from moisture when 
pouring molten metal 
into steel mould 
Unlikely 
Moderate. Cause 
injury if in contact 
with body. 
6 
Medium 
- Operators are trained to preheat all steel mould to minimize chances of 
moisture causing a molten metal explosion. 
- Wear appropriate Personal Protective Equipment such as safety spec, 
high temp Kevlar gloves, heat shield visor, safety boots, and thermal 
jacket. 
Low 
Injuries to Head, hands, 
feet or body when 
handling heavy 
equipment/ moving 
parts 
Moderate. Lifting 
heavy equipment cause 
moderate possibility to 
fall and hit the body 
Moderate. Cause 
injury when falling 
object hit any parts 
of body 
9 
High 
- Safety footwear must be worn at all time at the working space 
- Ensure any item or load being lifted or carried is clean & dry to ensure 
good grip when carrying. 
Low 
Cutting 
magnesium(flammable 
metal) ingot using a 
bandsaw that would 
ignites fires 
Rare. Possibilities of 
fire caused by 
magnesium has not 
occurred in several 
years back. 
Major. Injury when 
exposed to 
heat/fire. 
5 
High 
- Proper training for using the bandsaw to cut magnesium ingot. 
- Follow all the instructions and SOPs to cut magnesium ingot 
- Wear adequate personal protective equipment (PPE) such as lab coats, 
closed shoes and safety glass. 
Low 
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8.5. Appendix E- Project Timeline 
The project and research plan for semester 2 is tabulated and shown in the Table 12 below. The milestones for every task has been 
determined and the duration it takes to finish the task is estimated. Following table summarized the project plan schedule for semester 
2. 
Table 12: Project Timeline for Semester Two 
No Task Duration Date Details 
1 Start of Semester 2 - 25/07 - 
2 
Research on the literature review and 
past experiment. 
13 weeks 25/07 – 27/10 
- Enhance more knowledge about past research done and background 
study of the project. 
- Enhance greater understanding on the theory and experimental 
method used. 
- More detailed and related to the project 
3 
Analysis of the microstructure using 
SEM 
4 weeks 25/07 – 20/08 
Determine the chemical composition of the phase present using 
equipped EDS in the SEM. At least 5 minutes 
4 
Learn how to use freeware software 
ImageJ 
1 weeks 25/07 – 1/08 Determine volume fraction of phases present in the microstructure. 
5 
Re-casting for different/same 
composition(if needed) 
3 weeks 31/07 – 20/08 
- Re casting of the alloy might be needed if there is a need to collect 
more data and as a comparison to the previous samples. 
- Casting for another different composition of RE element 
6 
Hot Mounting, Grinding and  Polishing 
Samples (if needed) 
3 weeks 31/07 – 20/08 If needed 
7 Result analysis and discussion 3 weeks 21/08 – 10/09 
The obtained result will be analyzed and discussed in depth. 
 
 Preparation for Seminar 11 days 11/09 – 21/09 Seminar preparation. Gather all the result and findings. 
 Seminar Presentation 1 day 22/09 - 
9 Report Writing 5 weeks 26/09 – 27/10 Preparation for the final report writing. 
8 Mid semester break 1 week 26/09 – 03/10 -  
10 
Draft thesis report sent to supervisor for 
checking 
- 17/10 
Thesis report is to be checked by supervisor before handed in for any 
final improvement, editing or content addition. 
11 Submit Final Thesis Report - 28/10 - 
 
